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EVALUATION  AND  IMPROVEMENT  OF 


RADAR  BEACON  SYSTEMS 


PURPOSE 

The  program  is  concerned  with  two  diverse  areas  relating  to  radar - 
beacon  systems:  1)  solid  state  microwave  component  design  and  evaluation 
and  2)  coherent  radar  beacon  system  analysis.  Included  as  a  part  of  the 
first  area  is  the  establishment  of  design  criteria  for  those  solid  state  devices 
which  could  be  used  advantageously  in  radar-beacon  systems.  The  analysis 
of  the  coherent  beacon  has  been  undertaken  to  permit  quantitative  evaluation 
of  achievable  system  performance  and  to  establish  a  basis  for  performance 
specification  for  future  equipment  developments. 
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EVALUATION  AND  IMPROVEMENT  OF 


RADAR  BEACON  SYSTEMS 


ABSTRACT 

The  results  of  a  partial  literature  survey  on  tunnel  diode  amplifiers 
are  presented.  The  gap  existing  between  the  analytical  work  and  practical 
design  is  discussed.  Limitations  of  presently  available  synthesis  techniques 
are  pointed  out  along  with  the  practical  problems  which  these  limitations  impose. 
Results  on  an  experimental  C-band  amplifier  are  presented.  Sensitivity  data 
on  a  commercial  available  backward  diode  is  also  presented.  The  anticipated 
performance  of  a  proposed  high  power  harmonic  generation  system  is  discussed. 
Preliminary  analysis  of  a  varactor  tunable  tunnel  doide  oscillator  is  presented. 
Results  of  additional  theoretical  work  on  the  coherent  Doppler  radar  are  briefly 
discussed. 
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Progress  in  the  areas  of  tunnel  diode  devices  and  the  coherent 
beacon  was  reviewed.  Future  work  and  expected  results  were  discussed. 
The  possibility  of  deriving  coherent  beacon  specification  from  the  analytical 
work  was  also  discussed. 
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FACTUAL  DATA 


EVALUATION  AND  IMPROVEMENT  OF 
RADAR  BEACON  SYSTEMS 

I.  INTRODUCTION 

The  work  on  this  program  if  concentrated  in  two  rather  diverse  areas 
relating  to  radar  beacon  systems.  The  first  area  is  concerned  with  the 
determination  of  design  techniques  for  solid  state  devices  applicable  to  a  radar 
beacon  system.  Section  II  A  contains  information  obtained  from  several  refer¬ 
ences  on  the  synthesis  and  design  problem  associated  with  tunnel  doide  amplifiers. 
In  Section  II  B  and  II  C>  experimental  results  on  a  C-band  amplifier  design  and 
a  backward  diode  detector  are  presented, 
n.  TECHNICAL  DISCUSSION 

A.  Tunnel  Diode  Amplifiers  -  Theory  and  Practice 

1.  Introduction 

A  number  of  excellent  reports  have  appeared  in  the  literature  which 

12  3 

survey  tunnel  diode  amplifier  theory.  !  ’  In  this  section  of  the  report  portions 
of  the  more  important  theoretical  work  is  summarized  and  commented  on  re¬ 
garding  their  use  in  practical  designs.  Particular  attention  is  given  to  the 
restrictive  assumptions  used  in  developing  the  theory.  The  theory  will  not 
be  presented  in  detail.  For  the  most  part  results  will  be  cited  which  when 
properly  used  will  serve  as  a  means  for  predicting  the  performance  of  the  various 
design  configurations. 

12  4 

2.  Single  Diode  Amplifiers  ’  ’ 

(a).  Transmission  Type 

A  series  type  of  transmission  amplifiers  is  shown  in  Figure  1.  The 
transducer  gain  for  this  type  of  amplifier  is  readily  shown  to  be 
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G  XJl 


K  ♦  \  ♦  V  -1^  dI] 


(1) 


Under  tuned  conditions,  i.  e.  the  total  loop  reactance  ia  aero.In  equation  (1) 

I 

R  p  ia  the  aeriea  equivalent  tunnel  diode  reaiatance, 

r'  .^2 _ 


Let 


2^2 


1  +  w"  C 


DT'D 


f 


(2) 


where  R_  =  R^  +  R.  +  R_ 
1  £  ^  ■ 


L  1  -od 


(3) 


The  percentage  change  in  G  with  respect  to  the  percentage  change  in 
(X  gives  a  measure  of  circuit  stability.  This  can  be  shown  to  be 
■ 


S  s. 


1  "O. 


(4) 


For  stability  must  be  less  than  +  1.  For  high  gainO^  must 
approach  1  so  that  high  gains  impose  serious  stability  problems.  It  can  also  be 
shown  that 


ia  required  for  maximum  gain  for  a  given 

In  the  practical  caae^Rg  und  R^  repreaent  antenna  and  load  impedancea 
reapectively.  In  view  of  thia  fact  maintaining  0(  ^  1  over  a  very  broadband 
impoaes  aerioua  atability  problema.  For  thia  reaaon  little  uae  of  thia  type  of 
amplifier  haa  been  made  at  microwave  frequenciea.  Section  C  below 
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indicates  the  severity  of  the  impedance  variation  problem. 

12  4 

(b).  Reflection  Type  Amplifier  with  Circulators  *  * 

At  microwave  frequencies  circulators  are  employed  to  ease  the 
stability  problem.  A  circulator  type  of  amplifier  is  shown  in  Figure  2,  The 
reactance  jX  represents  a  tuning  reactance.  The  gain  of  the  amplifier  is 
given  by 


■  Ir!"  = 


(Rg  +  ^  d)  •  Rl 


(R,  +  Rjj)  f  R^^ 


(5) 


where  P  is  the  input  reflection  coefficient.  Tuned  conditions  have  been 
assumed.  Letting 


a  = 


<^8  +  ^  D> 


G  = 


1  +0C 


i  -Cr, 


(6) 


the  amplifier  bandwidth  is 


A  u  = 


1 


'"D  ^ 


)  (1  - 


(7) 


The  exact  noise  figure  is 
F 


where 


3ise  iisure  is 

r°«.  ■  1 


] 


T  s  source  temperature  (  K) 

G  ^  =— 2- 
2kT 


T  =  diode  temperature  (  K) 
k  ^  Botzmann's  Constant 


(8) 
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I  =  dc  bias  current 
o 


If  T  s  T  ,  F  may  be  pj^t  in  the  form, 
°  Cy^eq 


(1 


) 


(9) 


where  s  resistive  cutoff  frequency  of  the  diode.  Eq.  (9)  assumes 


(1  -  O  )  <  0.5  . 

Similar  results  may  be  derived  for  the  shunt  tuned  amplifier. 

In  the  majority  of  the  theoretical  developments  ideal  circulator 
characteristics  are  assumed.  However  in  the  practical  case  the  input 
impedance  of  a  matched  circulator  is  far  from  constant  (See  Figure  3  and  4). 
(c).  Stability  Requirements 

Each  of  the  amplifiers  thus  far  described  may  be  considered  to  have 
the  form  shown  in  Figure  5*  A  transient  analysis  of  this  circuit  yields  the 
following  inequalities  which  must  be  satisified  for  stability. 


(10) 


Equation  10  must  be  satisfied  at  all  frequencies.  This  requires  that  complete 
knowledge  of  the  circuit  impedances  be  obtained  at  all  frequencies.  In  the 
practical  case*  the  general  functional  forms  of  «  R,j,»  and  must 

be  determined  by  experimental  methods.  It  is  this  difficulty  which  prevents 
general  design  criteria  from  being  established. 
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FIG.  4  REACTANCE  OF  A  CIRCULATOR  VERSUS  FREQUENCY 


FIG.  6  HYBRID  AMPLIFIER 
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It  should  also  be  mentioned  that  stability  in  the  d.  c.  biasing  circuit 
is  one  of  the  foremost  problems  in  the  design  of  practical  amplifiers.  Stray 
l^ad  inductances  and  high  source  impedance  severely^^^^^"^  biasing  problem. 
For  this  reason  it  is  often  necessary  to  use  mercury  cells  as  the  d.  c.  source. 

In  addition  pyrofilm  resistors  are  usually  required  to  avoid  the  lead  inductance 
of  the  fimiliar  carbon  type  resistor.  For  a  discussion  of  d.  c.  biasing  circuits 
see  Section  IIC4. 

2 

3.  Hybrid  Two-Diode  Amplifier 

In  the  hybrid  coupled  amplifier  isolation  is  achieved  by  using  a  balanced 
transmission  line  coupler  as  shown  in  Figure  6.  This  type  of  device  has  been 
thoroughly  analyzed  for  the  familiar  qiLiarter-wave  three  db  coupler.  ^  The 
transducer  gain  is 


2k  .  1  -  sin^ 
1  -  k^  cos^-^ 


(11) 


where  «  p 

(1  n/r  +  (b/y  r 

- ^  (12) 

(1  -  ,/)^  +  (B/y 

O 


Y 


o 


Yq  *  hybrid  characteristic  impedance 
jCj  =  diode  conductance 
B  =  diode  susceptance 
k  s  hybrid  coupling  factor  . 

Since  the  transmission  line  hybrids  are  inherently  broadband*  attempts 
should  be  made  to  match  the  diode  impedance  to  the  coupler  over  as  broad  a 
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band  as  possible.  Impedance  matching  filters  may  be  used  for  this  purpose. 
The  literature  contains  a  fairly  comprehensive  discussion  on  this  technique. 
Optimum  matching  from  a  theoretical  point  of  view  is  discussed  below. 

4.  Cascading  Techniques 

An  analysis  has  been  presented  of  an  idealised  one -dimensional  model 
of  a  transmission  line  periodically  shunt  loaded  by  tunnel  diodes.  ^  Floquetb 
theorem  was  applied  in  the  infinite  line  case  so  that 


"V  1 

n 

o 

(14) 


(13) 


where  ^  s  ol  propagation  constant  of  the  loaded  line 

s  length  of  transmission  line  between  diodes.'* 

Figure  7  shows  a  typical  section. 

The  results  of  the  analysis  were  a  set  of  determinental  equations  for 
0(and  P  : 

cosho<^  cos^l;  =  cosh  cos  +  C  sinh  0<oXcos(2cQ 

+  B  cosh  ^  sin  1 

Binho/jfsin/?.^  s  -  8inh.9((jiJ  sin.B^(l+  B  sinho(o^  cos  6oJ2- G  cosh  o/t»•^^sin6^ 
^  (15) 

I 

where  prefer  to  the  propagation  constant  of  the  unloaded  line,  and  G  +  jB 
is  the  equivalent  diode  admittance.  The  above  equations  when  properly 
interpreted  yield  the  limits  ono(  and  ()  as  well  as  defining  the  frequency 
ranges  in  which  gain  is  obtained. 

The  more  practical  case  of  the  finite  line  was  also  analyzed.  The 
amplifier  gain  was  shown  to  be 


Gdb  =  8.  6861'  N 


0 


(16) 


(where  N  s  total  number  of  diodes) 
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for  the  condition  that  the  circuit  be  terminated  in  an  impedance 
Z, 


K 


I 


+  1  +  coch)^- 


(17) 


where  y 


*  characteristic  impedance  of  connecting  transmission  line* 

No  effort  was  made  to  determine  the  performance  of  such  an  amplifier 
using  typical  diodes.  Neither  was  the  effects  of  y»  on  bandwidth 
determined.  One  serious  practical  restriction  on  amplifiers  of  this  type 
is  that  identical  tunnel  diodes  do  not  exist  so  that  y  will  in  general  differ  for 
each  diode.  Note  that  this  problem  was  also  one  of  the  serious  difficulties 
with  traveling  wave  parametric  amplifiers  using  varactor  diodes. 

5.  Broadband  Tunnel  Diode  Amplifier  Theory 

Smilen  has  presented  a  theory  for  optimum  single  diode  amplifiers 
in  both  transmission  and  reflection  form.  ^  The  '^optimum  design"  is  obtained 
by  use  of  properly  designed  equalizer  circuits.  The  reader  should  be 
referred  to  reference  5  for  the  details  of  the  procedure.  In  order  to  simplify 
the  analysisi  the  series  inductance  in  the  diode  equivalent  circuit  was  neglected. 
This  limits  the  frequency  range  over  which  the  analysis  holds  to  well  below 
the  diode  self-resonant  frequency.  Therefore,  the  procedure  can  not  be  well 
adapted  to  microwave  applications. 

B.  Impedance  Matching  and  Synthesis  Techniques  for  Tunnel  Diode  Amplifiers 
Circuits 
1.  Introduction 

The  literature  contains  several  references  to  impedance  matching  of 
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6  9 

negative  resistance  devices.  *  This  portion  of  the  report  reviews  the  major 

contributions  and  discusses  the  problems  involved  in  applying  such  techniques 

at  microwave  frequencies.  Included  is  an  outline  of  Green's  approach  to 

matching  a  low  pass  prototype  load  consisting  of  a  frequency  invariant 

10 

positive  resistor  plus  an  inductor  or  capacitor  The  application  of 
impedance  matching  filter  networks  as  applied  to  varactor  diodes  is  also 
reviewed.  The  applicability  of  Weinberg b  synthesis  procedures  at  microwave 
frequencies  is  evaluated  from  a  practical  point  of  view. 

2.  Impedance  Matching  Filters 

Matthaei  was  the  first  to  recognize  that  filter  networks  might  be  use¬ 
ful  as  a  means  of  increasing  the  bandwidth  of  parametric  amplifiers.  The 

ff 

basic  approach  was  to  use  filter  networks  which  presented  the  optimum 

impedance  to  the  varactor  diode  over  as  broad  a  frequency  range  as  possible. 

By  making  the  stray  reactances  of  the  diode  package  a  part  of  the  first  resonator 

of  the  matching  network,  the  bandwidth  restrictions  imposed  by  the  fixed 

parasitic  capacitance,  were  relaxed.  In  Matthaei's  first  paper  the  prototype 

7 

elements  of  conventional  Tchebysheff  filters  were  used.  The  ^in  versus 
frequency  plot  was  then  obtained  by  means  of  a  computer.  Trial  and  error 
adjustments  to  the  prototype  were  then  made  to  obtain  the  nearly  optimum 
filter  design.  In  a  latter  publication  Green's  work  was  mentioned  by  Matthaei 
in  connection  with  the  optimum  impedance  matching  network.  ^  Green's 
design  equations  were  adapted  to  a  convenient  form  for  calculation  of  the 
prototype  elements  in  terms  of  the  conventional  parameters  used  in  present 
day  microwave  filter  design. 

Several  authors  have  presented  the  results  of  amplifiers  designed 
using  Matthaeils  analysis.  In  practice  the  major  difficulties  encountered  are: 

ARMOUR  RESEARCH  FOUNDATION  OF  iUINOIS  INSTITUTE  OF  TECHNOIOOY 


-13- 


1) 


Lack  of  knowledge  of  the  equivalent  circuit  parameters  for  a 
given  diode. 

2)  The  matching  network  derived  is  in  the  form  of  a  lumped 
element  prototype.  The  microwave  network  corresponding 
to  the  prototype  is  not  unique. 

The  first  difficulty  may  be  overcome  by  experimentally  adjusting 
the  first  resonator  of  the  filter  to  give  the  proper  slope  parameter.  The 
second  difficulty  usually  proves  to  be  the  most  serious.  The  form  of  the 
microwave  network  should  be  selected  to  yield  a  design  which  is  easy  to 
construct.  Trial  and  error  methods  are  required  to  determine  the  most 
suitable  form.  Additional  requirements  on  the  selected  network  are  that  it 
not  have  spurious  pass  bands  at  or  near  the  pump  and  idler  frequencies  and 
that  biasing  of  the  diode  can  be  easily  achieved.  The  latter  requirements  are 
difficult  to  achieve  above  about  2  kmc  for  present  day  diodes. 

The  above  techniques  were  used  by  the  author  in  the  design  of  an 
electronically  tunable  filter  at  C-band.Spurious  resonances  and  isolation 
of  the  biasing  network  prevented  completion  of  the  design  in  the  time 
alloted  to  the  project. 

3.  Green's  Synthesis  Procedure  for  Optimum  Matching  Networks 

The  matching  problem  analyzed  by  Green  is  the  following.  Design 
a  non -dissipative  Tchebysheff  coupling  network  such  that  when  terminated  in 
Z  ,  the  magnitude  of  the  input  reflection  coefficient  is  less  than  or  equal  to 
some  max  at  all  frequencies  within  a  specified  band.  Z  is  to  be  restricted 
to  the  simplified  case  consisting  of  a  single  reactive  element  combined  with  a 
resistor.  By  proper  frequency  transformation,  R,  L«  C  band  pass  combination 
is  also  allowed.  The  four  types  of  Z  thus  considered  are  shown  in  Figure  8. 
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In  terms  of  the  network  parameters  the  problem  may  be  restated  as  follows. 


Given  the  load  decrement,  defined  by 
Ri 


for  the  series  case 


®1 

D.  - -  for  the  parallel  case 

a)(j  Cj 


(18) 


(19) 


and  the  desired  bandwidth  along  with  number  of  branches  to  be  used^find  the 


value  of  which  makes  iTlmax  minimum  within  the  band.  (D^  is  the 

input  decrement  parameter).  Green  solved  this  problem,  and  the  results 
are  presented  in  the  form  of  design  curves  from  which  the  matching  network 
circuit  elements  can  be  obtained  once  and  the  minimum  value  of 

in  max  have  been  prescribed. 

The  applicability  of  this  design  procedure  to  the  problem  of  matching 
loads  consisting  of  a  single  reactive  element  in  combination  with  a  negative 
resistance  will  now  be  discussed.  It  can  be  shown  that  for  such  a  load  the 
gain  response  will  contain  ripples  much  larger  iu  magnitude  than  the  correspond¬ 
ing  ripples  when  the  resistance  is  positive.  Consider  the  network  of 

Figure  9.  If  R  is  positive  then 

Z°-Ro 


r 


1  + 


(20) 


r,= 


^2  '  ^2 
^2  ^2 


(21) 


Since 


r.l-  Ir^ 


r2| 


is  the  transducer  gain  so  is 


ira 


(22) 


Suppose  the  matching 
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FIG.  9  SCHEMATIC  FOR  GAIN  RIPPLE  ANALYSIS 
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network  has  to  be  designed  by  Green's  procedure.  Now  let  s  -  ,  i.  e. 

consider  the  terminating  resistance  as  being  negative.  Then 


j:-  '1  _ 

^1+^0 

III- 

^1  -  ^o' 

(23) 


Therefore,  the  ripples  in  ^  will  be  larger  than  those  in  |  ^  |  ,  Knowing 


r. 


however,  i  H.  I  can  be  easily  determined.  It  is  also  possible  to 
work  backwards  so  that  if  the  allowable  ripple  in  |  ^  jis  prescribed,  the 

allowable  ripple  in  Green's  network  can  be  calculated.  The  method  for 
accomplishing  this  will  not  be  presented  here  because  of  the  triviality 
of  the  development. 

The  question  of  primary  importance  in  attempting  to  apply  Green's 
procedure  to  tunnel  diode  amplifiers  is,  can  the  diode  be  represented  as 
a  negative  resistor  combined  with  a  single  reactive  element.  The  answer 
is  no,  in  general.  As  mentioned  below  regarding  Weinberg's  prodecure, 

R  and  L  are  considerably  important  at  microwave  frequencies. 

8  8 

4.  Weinberg's  Synthesis  Procedure. 

Weinberg  considered  the  matching  problem  depicted  in  Figure  10  for 
the  reflection  type  tunnel  diode  amplifier.  A  synthesis  procedure  was  derived 
for  realizing  a  reflection  coefficient  having  either  a  Butterworth  or  Tchebysheff 
frequency  variation.  The  procedure  is  outlined  below  for  the  B  utterworth 
response.  In  terms  of  the  complex  frequency  variable  S, 

.2n 


Tc)  r(..,  =  K-s 


1  -  s 


7R 


(24) 


The  network  input  impedance  may  be  put  in  the  forms  (for  n  odd) 


1  '  !  (S)  (25) 
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By  proper  manipulation  of  equation  26  and  comparing  to  equation 
27  it  can  be  shown  that 


b  S"  +  2  +  .  .  .  +  b,  S  (28) 

n  n-  6  1 

Similar  results  may  be  derived  for  n  even  in  terms  of  ^  given  n, 

the  right  half  plane  zeros  and  left  half  plane  poles  of  equation  24  are  found, 

PCs)  may  then  be  formed.  This  P (s)  when  used  in  equation  25  gives  the 
corresponding  Z  (s),  Z  (s)  is  then  manipulated  to  make  Z22  (b)  recognizable. 
Knowing  desired  network  may  then  be  developed  in  the  form  of  a 

Cauer  ladder. 

It  should  be  recognized  that  the  above  analysis  applies  to  the  low 
pass  prototype  of  the  desired  network.  Well  known  frequency  transformations 
are  employed  to  yield  the  band  pass  form  of  the  network.  One  additional  fact 
of  considerable  importance  is  that  the  above  procedure  was  derived  so  that  the 
first  element  of  the  matching  network  nearest  *<01  would  be  a  shunt  capacitance. 
Then  by  proper  frequency  scaling  the  shunt  capacitance  may  be  made  to  equal 
the  shunt  capacitance  of  the  diode  equivalent  circuit.  Let  be  the  scaling 
frequency  and  be  the  frequency  at  which  the  power  out  is  one -half  the 
maximum.  In  terms  of  these  parameters  it  can  be  shown  that  the  normalized 
bandwidth  of  the  resulting  network  is 
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"c_£l_=  ^  ^/zn 

°l'  (1  --i)  -  1)  (29) 

For  the  analysis,  Weinberg  assumed  a  diode  equivalent  circuit  consist¬ 
ing  of  a  frequency  inivariant  resistance  shunted  by  a  capacitance.  At  micro- 
wave  frequencies  this  circuit  is  not  even  approximately  equivalent  to  the  diode 
over  any  appreciable  bandwidth.  The  parasitic  inductance  and  spreading 
resistance,  which  have  been  neglected  above,  play  important  roles  in  practical 
design  work.  For  this  reason  Weinberg's  synthesis  technique  gives  unrealistic 
results  in  the  microwave  range  and  therefore  must  be  discarded  as  an  exact 
design  procedure. 

C.  Design  of  a  C  -Band  Tunnel  Diode  Amplifier 

1.  Basic  Considerations 

It  is  well  known  that  a  tunnel  diode  exhibits  a  negative  resistance  in 
its  forward  biased  region.  Thio  negative  resistance,  according  to  theoretical 
and  experimental  results,  extends  well  into  the  high  microwave  region.  Con¬ 
struction  of  linear  RF  amplifiers  is  possible  by  using  the  linear  portion  of  the 
negative  resistance  curve.  The  tunnel  diode  is  particularly  suited  for  broad* 
band  applications  since  it  exhibits  a  negative  resistance  which  is  independent 
of  external  loading  conditions  and  which  varies  continuously  with  frequency. 

This  differs  from  parametric  amplification  where  the  negative  resistance, 
actuated  by  a  CW  pump,  depends  critically  on  external  loading  conditions 
and  occurs  only  in  discrete  frequency  bands. 

2.  Reflection  Type  Amplifiers 

Transmition  type  amplifiers  will  not  be  considered  here  for  reasons 
that  are  discussed  in  Section  IIA2  of  this  report. 
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In  utilizing  reflection  type  amplifiers  in  practical  structures,  a 
suitable  network  is  required  to  separate  the  incident  wave  from  the  amplified 
reflected  wave.  There  are  two  possible  types  of  amplifiers  that  can  achieve 
this  separation  of  waves:  the  "circulator  coupled",  and  the  "hybrid  coupled" 
amplifier.  In  the  former,  a  three-port  or  four-port  circulator  is  used 
to  effect  the  signal  separation  between  input  and  output  waves,  Figures  2  and  11. 
The  latter,  which  is  discussed  in  a  previous  section,  is  usually  used  for  wide 
band  applications,  where  circulators  are  not  available.  In  this  section  only 
the  circulator  coupled,  reflection -type  amplifiers  will  be  considered.  Results 
obtained  for  this  amplifier  would  be  directly  applicable  to  hybrid -coupled 
tunnel  diode  amplifiers  if  ideal  circulators  and  hybrids  are  assumed. 

(a).  Gain  of  Circulator- Coupled  Amplifiers 

In  discussing  this  amplifier,  it  would  be  convenient  to  have  the  parallel- 
type  equivalent  circuit  of  a  tunnel  diode.  The  series  and  parallel  equivalent 
circuits  of  a  tunnel  diode  are  shown  in  Figure  12, 


where 


CM  = 


Rtd 


Iztd 


or  P(f.o)  = 


"TD 


(«)1 


IRtd  H 


Cn  («) 


■.7m 

«  (w) 


(30) 


(31) 


R-TD  “  ^8 


1  +  (wcr) 


(32) 


Xjp  (w)  =  0) 


cr 


1  +  (ucr)‘ 


(33) 
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FIG.  11  CIRCULATOR  -  COUPLED  TUNNEL  DIODE  AMPLIFIER 


FIG.  12  SERIES  AND  PARALLEL  EQUIVALENT  CIRCUITS  OF  TUNNEL  DIODE 
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(34) 


Ztd<“)  "  ’’’  ^TD 


The  particular  amplifier  circuit  to  be  considered  in  this  case  is  that  shown 
in  Figure  13.  The  parallel  susceptance  jBM  which  includes  diode  parasitics, 
is  used  for  tuning  purposes.  The  reason  for  choosing  parallel  tuning  rather 
than  series  is  because  this  amplifier  is  intended  to  be  designed  in  a  wavs'- 
guide  configuration  and  as  such  series  tuning  would  be  difficult  to  achieve. 

The  purpose  of  the  quarter -wavelength  line  is  to  make  the  proper  impedance 
transformation  so  that  stability  of  the  amplifier  can  be  accomplished;  it  is  a 
well-known  fact  that  the  impedance  level  of  the  external  circuitry  presented 
to  the  tunnel  diode  must  be  transformed  to  a  lower  one  for  stability  purposes. 
This  fact  will  be  obvious  when  stability  criteria  for  the  amplifier  are  presented 
below. 

From  Figure  13, 

=  -G  +jB  (35) 


and  the  reflection  coefficient  at  port  2  is, 


1^2 

2  _ 

Y  -  Y, 
o  L 

2 

(Y^  +  G)  -  jB 

Y  +  Y 
o  o 

(Y^  -  G)  +  jB 

where 


Fz 


magnitude  of  reflection  coefficient  at  port  (  2)^ 


Y  *  transition  line  admittance, 
o  ' 


G  =  power  gain  at  port  (2) 
P 


At  the  operating  frequency,  o)  -  b>o 
jB(w,)  ■  0 
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then  Equation  (36)becomee, 


Gp  (w.)  ■ 


Yq  +  G(«.) 


-  G(«.) 


By  aolving  Equation  (38)  for  or  Z^.  we  have 
zio>,)  -  R(«.)  (L_E - 1) 


(38) 


(39) 


Equation  (39)  indicates  the  relationship  between  gain  and  tunnel  diode  equivalent 
resistance  at  the  design  frequency.  This  same  equation  will  be  used  for  the 
actual  design  of  a  C-band  tunnel  diode  amplifier. 

For  relatively  high  power  gains,  say 

>  lOO 
P 

Equation  (39)  becomes 

Z^(u).)  =  R(w,)  for  Gp>  100.  (40) 

(b).  Gain-Bandwidth  Product 

The  gain -bandwidth  product  of  a  reflection  type  tunnel  diode  amplifier 
is  a  function  of  the  rc  product  of  the  diode  and  the  coupling  network  used  (JB). 

It  can  be  shown  that  for  a  single  resonator  circuit,  which  is  the  case  here, 
the  following  approximate  relationship  holds:  (1,2) 

B('\/G^-l)= - i -  (41) 

*  wrC 


where 

B  s  Bandwidth  in  cps. 

and  for  high  gaine ,  G^^lO^I^Equation  (41)  becomee. 

ARMOUR  RRSCARCH  POUNOATION  OR  lUINOIS  INSTITUTE  OR  TECHNOIOOY 


-24- 


1 


(42) 


B  G 


1/24 


irrC 

Thus  for  broadband  applications  and  high  gains  a  tunnel  diode  must  have  a  small 
rc  product. 


As  an  example, 
rc  •17.69 


XIO 


and  from  Equation  (42), 


consider  Sylvania's  D4168D  tunnel  diode  for  which, 
-12 


B  G  =  9.0  kmc. 
P 

Assuming  a  gain  of 


=  100  or  10  db, 

B  =  900  me.  (43) 

At  a  frequency  of  f^  *  5.  65  kmc,  percentage-wise  the  bandwidth  is: 

B  =  16%  at  f^  =  5,  65  kmc.  (44) 

However,  the  actual  bandwidth  of  a  5.  65  kmc  tunnel  diode  amplifier  might  be 

less  due  to  the  fact  that  Equation  (42)  has  been  derived  under  the  assumption 

that  the  working  frequency  is  to  be  such  that  the  effect  of  the  series  resistance 

and  lead  inductance  of  the  tunnel  diode  may  be  neglected,  which  is  not  actually 
12 

true  in  this  case.  The  effect  of  the  transmition  line  was  also  neglected.  But 
the  result  obtained  in  (44)  above  indicates  that  it  could  be  possible  to  cover  the 
frequency  range  from  5.  4  kmc  to  5.  9  kmc  with  a  single  resonator  circuit  as  the 
coupling  network,  since  this  range  is  only  8.  85%  bandwidth  at  f^  =  5.  65  kmc. 
Otherwise  it  would  be  required  to  use  a  more  complicated  coupling  network  to 
achieve  broader  bandwidths. 

(c)  Noise  Figure  of  Tunnel  Diode  Amplifier. 

The  noise  figure  of  an  amplifier  can  be  defined  as  the  ratio  of  the 
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total  noise  at  the  output  to  the  noise  at  the  output  due  to  an  input  noise  of 


kTjjAf. 


F 


N. 


I  + 


kT  A£G„ 

0  p 


where 

s  noise  output  due  to  the  amplifier  network^ 

T  ~  absolute  temperature  of  source  in  degreesKelvin^ 

“23 

k  s  Boltzman  constant  (1.  37  joule  per  degree)^ 

f  =  Bandwidth  associated  with  the  noise  in  cycles. 


(45) 


It  can  be  shown  that  the  noise  figure  of  a  tunnel  diode  amplifier  for  very  large 
gains  is  given  by  the  following  formula: 


1  +  K 


max 


(1-  -z^)  {  1  - - ) 


where 


or 


for  Gp  very  large^ 


K«  =  201  r  s  noise  constant. 
1  o  * 

T  =  P _ . 


(46) 


f  s  tunnel  diode  resistive  cutoff  frequency, 
or 

For  Sylvania's  D4168D  tunnel  diode, 

-r  =  -  44  Tl 

Rg  =  2.6  S2 
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C  =  0.  4  p£ 


I  s  1 .  82  ma 
o 

and 


K,  =  201  r  =  1.  60 
1  o 

then  from  Equation  (46)  we  get, 

Fmax  =  2-  84  or  4.  53  db  (48) 

=  5.  65  gc 

In  Figure  14  is  plotted  as  function  of  frequency  for  this  particular  tunnel 

diode.  It  can  be  seen  that  for  the  frequency  range  of  interest  (5.  4  kmc  to  5.  9  kmc) 
the  maximum  noise  figure  is  approximately  4.  5  db  and  almost  constant.  Again  it 
should  be  mentioned  that  this  noise  figure  is  for  very  large  gains.  Thus,  the 
actual  noise  figure  of  the  amplifier  will  be 
F  4.  5  db 
in  the  frequency  range 

5,  4  kmc  ^  f  ^^5,  9  kmc , 

(d) .  Stability  Conditions 

Stability  in  this  case  is  considered  from  a  different  point  of  view, 
but  the  restrictions  obtained  are  similar  to  those  discussed  in  a  previous  section 
ILA2c  of  this  report. 

The  following  definitions  refer  to  Figure  15« 

Let 

K  s:  Voltage  gain  with  feedback, 

s  Voltage  gain  without  feedback , 
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FIG.  14.  MAXIMUM  NOISE  FIGURE  OF  A  TUNNEL  DIODE  (D4168D)  AMPLIFIER  VS  FREQUENCY 


=  Voltage  gain  of  feedback  loop- 


r 

Then 
G 
K 


1 


and  for  the  amplifier  to  be  stable 


1/^1 


or 


G  <  1 

V 


II  I  31  ^  ^ 


or 


r.r  |r3 


<  1  . 


(49) 


(50) 


This  relationship  shows  that  the  reflections  at  ports  (1)  and  (3)  must  be  low 
enough  for  a  certain  gain  if  the  amplifier  is  to  be  stable. 

Considering  an  example,  let 

Ipl  vswR_:^ 

'  ^  I  VSWR  +  1 

and  for  Sperry*s  5.  4  kmc  to  5.  9  kmc  coaxial  circulator 

VSWR  ^  =1,25 

max 

then  inequality  (50)  becomes*  ^ 

Gp  <  38  db  (51) 

which  means  that  if  a  tunnel  diode  amplifier  is  to  be  stable,  its  gain  should 
not  be  greater  than  38  db. 

In  the  following  sections,  restriction  (51)  and  eqa .  (39)  will  be  used 
in  designing  a  C-band,  circulator  coupled  tunnel  diode  amplifier. 

3.  Design  of  a  5.  65  kmc  Reflection  -  Type,  Circulator  -  Coupled  Tunnel  Diode 
Amplifier. 

ARMOUR  RESEARCH  FOUNDATION  OF  ULINOIS  INSTITUTE  OF  TECHNOLOGY 


-29- 


For  Micro  Slate's  MSI  102  tunnel  diode  the  circuit  parameters  are: 

■  r  =  35  (minimum) 

C  =  0.  6  pf 
R  =  4. 0 

B 

Lg  =  0.  3  in^Vi 

This  amplifier  is  to  have  a  power  gam  of  =  20  db^  38  db  at  f^  ■  5.  65  kmc. 

Referring  now  to  Figure  12,  the  circuit  parameters  of  the  parallel 


equivalent  circuit  of  this  diode  are: 


TD 


^TD^“o' 


=  20. 55 


Cd^^o)  =  - 


=  0.  455  pf 


(52) 


(53) 


"oFTD<“o^i 


and  for  a  gain  of 

G  =  20  db 
P 

Equation  (10)  becomes, 


-)•  =  20  n 


(54) 


Since  G^  »  20  db,  the  amplifier  will  be  stable  according  to  inequality  (51), 

The  characterisitc  impedance  of  the  quarter  wavelength  transformer 
(see  Figure  13)  being  low  (^5  ),  it  was  decided  to  use  ridged-waveguide 

circuitry..  The  reasons  for  choosing  this  type  of  circuit  configuration  is  the 
fact  that  ridged'  waveguides  exhibit  broadband  characteristics  and  that  if  design 
criteria  for  a  C-band  tunnel  diode  amplifier  can  be  established  it  would  be 
relatively  easy  to  extend  the  design  of  such  amplifiers  at  higher  frequencies 
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Design  formulas  and  graphs  on  ridged  waveguides  can  be  found  in 
reference  (13).  For  methods  of  coupling  a  50  D.  coaxial  line  to  a  ridged-wave¬ 
guide  refer  to  reference  (14).  Using  these  two  references,  it  is  a  straight-for¬ 
ward  problem  to  design  the  tunnel  diode  amplifier  shown  in  Figure  13;  thus, 
a  detailed  design  procedure  will  not  be  given  here. 

Figure  14  shows  the  diagram  of  an  actual  amplifier  that  is  designed 
in  a  ridged -waveguide  configuration.  In  this  figure,  the  movable  short  on  the 
left  hand  side  is  used  to  tune  out  the  diode  susceptance  at  the  working  frequency, 
whereas  the  one  on  the  right  hand  side  is  to  provide  a  better  matching  between 
the  50 coaxial  line  and  the  20^  quarter-wavelength  transformer.  At  the 
beginning  it  was  necessary  to  build  the  amplifier  with  two  coaxial  inputs 
similar  to  the  one  shown  in  the  same  figure,  in  order  to  check  the  insertion  loss 
and  VSWR  of  the  coupling  structure.  By  terminating  one  such  input  to  a  50 
coaxial  load  and  measuring  the  input  VSWR,  it  was  possible  to  determine 
whether  or  not  the  coupling  was  designed  properly.  Once  this  is  determined, 
one  of  the  inputs  is  closed  and  another  sliding  short  is  added  for  tuning  purposes 
(see  Figure  16).  Again  reference  (13)  can  be  used  to  easily  determine  the 
characteristic  impedances  of  different  quarter -wave length  transformers 
shown  in  Figure  16.  For  this  reason  Figure  17  is  given  with  all  the  circuit 
parameters  that  were  calculated. 

Experimental  Results 

Experimental  investigation  of  the  amplifier  in  Figure  16  showed  that 
power  gains  as  high  as  36  db  at  4.  72  kmc  can  be  obtained.  The  frequency 
response  of  this  amplifier  for  a  particular  tunnel  diode  is  shown  in  Figure  16. 

Its  3  db  bandwidth  is  approximately  390  me  or  8.  3%  at  4.  72  kmc.  This 
particular  tunnel  diode  (MSI  101)  has  a  resistive  cutoff  frequency  of  18  kmc. 
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FIG.  16  CROSS-SECTIONAL  VIEW  OF  A  RIDGED-WAVEGUIDE  C-BAND  TUNNEL 
DIODE  AMPLIFIER 
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FIG.  17  DIAGRAM  OF  A  5.  65  KMC  TUNNEL  DIODE  AMPLIFIER  (DC  BIASING  CIRCUIT  NOT  SHOWN). 
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other  measured  characteristics  of  the  amplifier  are  shown  in  Figures  19,  20 
and  21.  It  is  of  interest  to  note  the  limiting  effect  of  the  amplifier  in  Figure 
21.  The  output  power  level  of  the  amplifier  varies  only  by  one  db  when  the  input 
power  decreases  from  35  dbm  to  60  dbm. 

It  was  also  observed  that  the  limiting  effect  changed  from  diode 

to  diode  and  by  varying  the  D.C.  bias  point  (see  Figure  20).  Note  that  the 
limiting  effect  is  greater  for  higher  cutoff  frequency  diodes.  For  a  more 
complete  discussion  of  this  phenomenon  and  its  possible  application  see 
reference  4. 

However,  before  a  complete  experimental  investigation  could  be 
made,  a  serious  ''burnout"  problem  developed.  Upon  placing  the  tunnel 
diodes  in  the  RF  circuit,  and  by  trying  to  optimize  performance  of  the 
amplifier  at  the  desirable  frequency  (5.  65  kmc),  either  by  tuning  or  varying 
the  d.  c.  bias,  the  tunnel  diodes  burned  out.  This  unexpected  difficulty  did 
not  permit  any  further  experimental  investigation  of  the  amplifier.  It  is 
believed  that  transients  in  the  dc  circuit  are  causing  this  difficulty.  During, 
the  next  quarterly  period  an  attempt  will  be  made  to  suppress  any  such 
transients  in  the  d.  c.  circuit  as  explained  in  more  detail  in  the  next  section. 

4.  D.  C.  Biasing  Circuit 

The  D.  C.  Biasing  circuit  of  the  5.  65  kmc  tunnel  diode  amplifier 
is  as  shown  in  Figure  22.  This  was  the  actual  D.C.  Circuit  that  was  used 
during  the  experimental  investigation  utilizing  Sylvania's  D4168D  type  tunnel 
diodes.  The  low  impedance  coaxial  line  serves  as  an  RF  by-pass  capacitor 
for  proper  isolation  of  the  RF  circuit.  A  pyrofilm  disc-type  resistor  is  used 
to  establish  the  proper  load  line  for  stability.  Care  was  exercised  to  minimize 
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FIG.  19  GAIN  VERSUS  INPUT  POWER  DIAGRAM  OF  TUNNEL.  DIODE  AMPLIFIER 
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Input  Power  in  DBM 

FIG.  20  DIAGRAM  ILLUSTRATING  RELATIVE  OUTPUT  POWER  VERSUS  INPUT  POWER  OF  T 


fig:  22  D.C.  BIASING  CIRCUIT  OF  TUNNEL  DIODE  AMPLIFIER 


R^  *  2.  6  iu  L^  a  0.  29  miih 


FIG.  23  D.C.  BIASING  CIRCUIT  OF  TUNNEL  DIODE  AMPLIFIER 
INCLUDING  LEAD  INDUCTANCE 
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any  lead  inductance  hoping  there  would  be  no  low  frequency  oscillation  in  the 
circuit  which  would  tend  to  deteriorate  the  characteristics  of  the  tunnel  diode 
and  eventually  cause  burn  out.  Unfortunately,  a  serious  "burn  out"  problem 
was  observed.  Different  types  of  tunnel  diodes,  such  as  Sylvania's  D4168D  and 
Micro  State's  Ms  1102  were  used,  and  the  same  difficulty  occurred.  The  entire 
circuit  was  checked  and  rechecked  for  any  leakage  voltage  from  any  instrument 
or  source,  but  no  such  voltages  were  present.  This  suggested  that  the  problem 
might  be  due  to  low  frequency  oscillations  since  at  high  frequencies  (around 
5.  65  kmc)  the  amplifier  was  designed  to  be  stable. 

If  a  more  complete  analysis  of  the  D.  C.  circuit  is  carried  out,  it  is 
found  that  low  frequency  oscillations  do  occur  at  approximately  570  me.  The 
transient  analysis  of  the  D.  C.  circuit  in  Figure  22  is  formulated  as  follows: 
Since  the  circuit  is  to  be  examined  at  relatively  low  frequencies  (below  1000 
me),  the  effect  of  the  coaxial  line  can  be  neglected.  It  was  also  found  by 
measurements  and  calculations  that  the  lead  inductance  in  loop  (1),  (see 
Figure  Z2)  was  about  395  jn^h.  The  series  resistance  of  the  precision 
potentiometers  used,  when  Sylanvia's  D4168D  tunnel  diode  is  biased  at  the 
operating  point,  was  943  ohms.  Figure  23  shows  the  circuit  including  lead 
inductance  at  low  frequencies. 

From  Figure  23 

=  I 

from  which 

=  P 


Rj(R^  +  R)  +  (o>L)‘ 


(Rj  +  R)^  +  (wL)^ 


Rj(Rj  +  R)  +  (wL)‘ 


+  jwL  ’ 


(Rj  +R)^  + 


(Rj  +  R)^  +  (o»L)^  j 


(55) 


(56) 
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and 


X.  («)  =  j«L  -  (57) 

in  eq  2  2 

(Rj  +R)^  +  (wL)^ 

where 

L  («)  =  -  (58) 

2  2 
(wL)  +  (Rj  +  R) 

Figure  24  shows  the  resultant  equivalent  circuit.  It  is  well  known  that  in  order 

for  the  circuit  in  Figure  21  to  be  stable  the  following  inequality  must  hold: 

L>t  r  (59) 

rC 

where 

R.p((o)  =  R^  +  ^in^^^  ~  total  loop  resistance, 

L.(a))  s  L  L  ((o)  =  total  loop  inductance. 

X  s 

Now,  using  the  values  for  the  circuit  parameters  as  shown  in  Figure  20, 

R,j,(w)  =  18.6 

and  the  right  hand  side  of  inequlaity  (59)  is  satisfied.  Considering  the  left 
hand  side  of  (59),  it  is  seen  that  oscilliations  will  occur  when 

=  Rt'“'  (60) 

rC 

Calculating  gives 

L  =  3.4  X  10 

eq 

which  from  equation  (60)  gives  the  frequency  of  oscillation  as 

f  =  570  me 

osc 

This  is  the  maximum  frequency  at  which  oscillations  may  occur  because  for 


ARMOUR  RESRARCH  FOUNDATION  OF  UllNOIS  INSTITUTE  OF  TECHNOIOOY 


I 


ING  CIRCUIT 


Z 


TD 


3  CIRCUIT  AT  LOW  FREQUENCIES 


2 


higher  frequencies  (£  >■  570  me)  become*  smaller  and  stability 

condition  (5)  is  satisfied.  Therefore,  at  any  frequency  below  about  570  me  the 
D.C.  circuit  can  oscillate^  the  reason  being  that  not  enough  by-pass  capacitance 
was  provided  for  the  low  frequency  spectrum.  This  condition  can  set  up 
transcients  in  the  D.C.  circuit  which  may  very  well  cause  burnout  problems. 

It  is  also  believed  that  the  low  frequency  oscillations  are  of  the  relaxation 
type.  On  the  other  hand,  high  frequency  oscillations  will  not  introduce  any 
problems  because  the  by-pass  is  adequate. 

To  eliminate  these  problems,  a  modified  D.  C.  circuit  has  been 
proposed  consisting  of  a  larger  coaxial  by-pass  capacitor  and  a  D.C.  source 
which  will  be  current  limited.  The  modified  D.C.  biasing  circuit  to  be  used  in 
the  investigation  of  the  ^'burnouf  problem  is  discussed  in  the  next  section. 

5.  Modified  Biasing  Circuit 

The  modified  D.C.  biasing  circuit  is  as  shown  in  Figure  25. 

The  purpose  of  connecting  C^  across  the  resistor  R  is  to  make  the  circuit 
less  inductive  at  low  frequencies  so  that  stability  maybe  accomplished. 

At  somewhat  higher  frequencies  the  coax -type  capacitor  will  take  over 
and  stablize  the  circuit.  This  circuit,  although  not  completely  analyzed  as 
yet,  would  most  certainly  eliminate  any  oscillations  by  properly  choosing  the 
circuit  parameters.  The  resistors  R2aidR^.  forcing  a  ir-type  voltage 
divider  is  there  to  limit  the  current  from  the  mercury  cell  from  any  changes 
in  the  negative  resistance  of  the  load  as  function  of  frequency  and  bias  voltage. 

Low  Level  Detection  By  Tunnel  Diodes 
1 .  Introduction 

As  mentioned  in  the  first  quarterly  report  on  the  project,  tunnel 

diodes  have  been  used  by  a  number  of  investigations  as  low-level  microwave 

detectors.  During  the  past  quarterly  period  preliminary  experimentation 
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on  both  tunnel  diode^  and  backward  diodes  was  undertaken.  This  section 
discusses  the  basic  theory  and  ^presents  the  experimental  results. 

Theory 

The  theory  of  low-level  diode  detection  is  well  developed  in  the 
literature.  This  theory  can  be  easily  extended  to  the  tunnel  and  backward 
diodes  simply  by  adding  series  inductance  to  the  conventionally  analyzed 
circuit.  Following  Torry  and  Whitmer  a  current  sensitivity  parameter 
is  defined  as 


short-circuit  rectifed  current 
Abs orbed  RF  powe r 


(61) 


If  it  is  assumed  that  the  diode  is  matched  to  the  generator  and  that  skin-effect 


losses  are  negligable,  then  as  shown  in  Appendix  A, 


r 


2KRg  _ 

UR  +  R  -  R)  +  w^RLC  1  ^  [l  -  CR(R_  +  R„) 

:  8  g  S  g 


(62) 


Ihe  terms  in  the  above  equation  are  defined  in  Appendix  A.  Note  that,  this 

equation  differs  from  that  published  by  Montgomery^  Montgomery's  eqn.  may 

be  shown  to  be  incorrect  by  a  single  dimensional  argument. 

Equation  62  shows  that  a  frequency  exists  for  which  is  a 

maximum.  can  be  shown  to  occur  at 

/max 


C  (R,  +  Rg) 


Thus  is  the  frequency  at  which  the  circuit  will  support  steady  state 

oscillation. 
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The  preceding  equations  may  be  used  to  evaluate  the  sensitivity 
of  a  given  diode  when  the  diode  equivalent  circuit  parameters  are  known. 

(Such  calculations  are  difficult  to  obtain  for  the  back  diode).  The  above 
formulation  does  indicate  that  care  must  be  employed  in  the  design  of  the 
detector  circuit  to  obtain  maximum  sensitivity.  It  is  also  interesting  to  note 
that  the  maximum  sensitivity  condition  coincides  with  the  maximum  gain 
condition  so  that  a  circuit  designed  to  amplify  will  also  make  a  good  video 
detector. 

Experimental  Results 

The  experimental  results  were  obtained  prior  to  the  time  that  the 
above  analysis  was  completed.  The  optimum  circuit  design  was  not  at  that 
time  known  so  that  pesimistic  results  were  obtained.  The  technique  used  for 
the  sensitivity  data  was  the  conventional  tangential  sensivity  measurement. 

The  diode  terminated  a  50  ohm  line,  was  by  passed  RF  wise  >  and  matched  with 
a  double  stub  tuner.  Both  the  Sylvania  tunnel  diode  and  the  Micro  State  MS  16 10 
backward  diode  were  used.  The  D4168D  was  most  sensitive  when 
biased  in  the  negative  resistance  region  as  was  expected.  No  bias  was  applied 
to  the  backward  diode.  Both  units  gave  a  sensitivity  of  the  order  of  -40  dbm. 

Future  work  in  this  area  will  be  directed  to  the  design  of  an  optimum 

mount. 

F.  A  Proposed  Three  Frequency  Source  Using  Harmonic  Generation  Techniques 
During  a  recent  steering  committee  meeting  a  discussion  evolved 
concerning  the  feasibility  and  anticipated  performance  of  obtaining  harmonic 
outputs  of  C-band  and  X-band  from  an  L-band  driving  source.  Figure  26 
shows  a  black  diagram  of  the  required  system.  The  system  design  is  to  be 
such  that  maximum  output  power  be  obtained  while  maintaining  high  efficiency. 
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FIG.  26  TRI -BAND  HARMONIC  GENERATION  SOURCE 
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size  and  weight  are  of  secondary  importance. 

Estimation  of  system  performance  is  complicated  by  the  fact  that 
high  power  output  is  required.  Most  of  the  present  quantitative  design  criteria 
axe  based  on  a  small  signal  analysis.  This  analysis  fails  to  predict  many  of  the 
experimentally  observed  high  power  effects  such  as  saturation  phenomenont 
hysteresis  in  the  input  versus  output  power  data,  spurious  oscillation  and 
harmonic  generation.  Of  particular  importance  regarding  the  proposed  design 
is  the  fact  that  much  larger  efficiencies  have  been  reported  in  the  high  power 
case  than  can  be  justified  by  the  email  signal  analysis.  One  of  the  major 
contributions  to  increased  efficiency  appears  to  generate  from  driving  the  varactor 
diode  into  its  forward  conduction  region.  Little  is  presently  known  about  this 
phenomenon. 

For  these  reasons  it  is  necessary  to  refer  to  experimental  results 
to  evaluate  the  proposed  system.  Microwave  Associates  have  reported  a 
doubler  from  4.  5  gc  to  9.  0  gc  having  a  SO  percent  efficiency  and  700  mw  out¬ 
put  power.  (It  can  be  assumed  that  saturation  effects  or  burn  out  restricted  the 
maximum  obtainable  output  power).  Assuming  that  the  L-band  primary  source 
is  operating  at  a  center  frequency  of  2.  2  gc,  it  appears  that  doublers  from  2.  2 
gc  to  4.  4  gc  could  also  be  designed  with  about  50  percent  efficiency,  triplers 
from  2.  2  gc  to  6,  6  gc  with  35  percent  efficiency,  and  two  cascaded  doublers 
with  an  output  at  8.  8  gc  with  25  percent  efficiency.  The  maximum  output  power 
at  C-band  would  be  of  the  order  of  1  watt  with  0.  5  watts  at  X-band. 

The  L-band  source  to  use  has  not  yet  been  decided  upon.  Based 
on  the  above^about  15  watts  of  drive  power  is  required. 

It  is  recommended  that  work  be  undertaken  to  develop  the  above 

system. 
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G.  Electronically  Tunable  Tunnel  Diode  Oscillator 

During  the  past  quarterly  period  some  effort  has  been  devoted 
to  the  design  of  a  C-band  electronically  tunable  tunnel  diode  oscillator.  The 
circuit  under  study  is  shown  in  Figure  27.  Only  one  reference  on  this  type 
of  design  has  been  found  in  the  literature.  The  cited  reference  contains 
only  a  qualitative  discussion  of  the  design  concept.  The  quantitative  analysis 
of  the  circuit  is  as  yet  uncompleted.  Work  in  this  area  will  continue  during 
the  next  quarterly  period. 

Output 


ill 


K - i - »i 


FIG.  27  SCHEMATIC  OF  VARACTOR  TUNABLE  TUNNEL  DIODE  OSCILLATOR 
H.  I.Doppler  Tracking  Errors  Due  to  Frequency  Instability  of  the  Tracking 
Loop  Voltage  Controlled  Oscillator 

Modification  of  the  AN/FPS-16  tracking  radar  to  perform 
coherent  Doppler  tracking  has  resulted  in  data  indicating  that  frequency 
instability  of  the  VCO  (voltage -controlled  oscillator)  in  the  radar  Doppler 
tracking  loop  may  be  a  limiting  factor  in  the  achievement  of  accurate  velocity 
data.  The  following  section  analyzes  this  source  of  noise  on  a  theoretical 
basis. 
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The  fundamental  source  of  frequency  error  in  oscillators  arises 


from  phase  perturbations  caused  by  the  shot  andthermid  noise  inherent  in 
the  device.  Althoughdie  pluje  perturbations  are  random,  the  phase  error 
will  tend  to  build-up  over  a  period  of  time.  Consider  the  actual  VCO 
(voltage -controlled  oscillator)  as  an  ideal  VCO  and  a  noise  source.  Suppose 
the  noise  source  produces  white  noise  which  is  fed  into  the  input  of  the  VCO. 

w  •• 

From  Bendat  ^  the  total  mean  square  phase  perturbations  at  the  system 
output  produced  by  a  spectral  density  of  white  noise, ^  ,  at  the  input  and 
measured  over  a  period  of  time,  T,  is  given  by  the  expression: 


{'D 


h‘'(t)dt  (63) 

where  h(t)  is  the  weighting  function  of  the  system.  The  VCO  phase  output 
is  the  integral  of  its  instantaneous  frequency,  corresponding  to  a  weighting 
function,  h(t),  of  unity.  Hence,  the  total  mean  square  phase  perturbation 
produced  by  the  white  noise  spectral  density  is  given  by: 


=^^7^  jfdt  ='1'^  (64) 

Thus,  the  total  amount  of  mean  square  phase  perturbation  is  directly 
proportional  to  the  time  elapsed  and  to  the  input  spectral  density.  The  phase - 
error  buildup  of  an  oscillator  has  been  shown  by  Edson^^to  be 

i‘'5) 

where  ,  the')period  of  coherence*',  is  the  time  required  for  the  rms  error 
to  reach  one  radian.  Eq.  (63  )  has  the  same  form  as  (64)»  indicating 
that  the  assumption  of  a  "white  noise"  equivalent  for  the  f-m  noise  modulation 
is  correct.  Combining  (o4)  and  (63  gives  the  relation  between and 

t  =  2/rc  <66) 

2'  Tracking  Lotfp 
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The  doppler  tracking  loop  is  presented  in  block  diagram  form  in 
Figure  28  .  There  are  two  modes  of  ope  ration, narrow  band-  +16  cps-and  wide 
band  +  50  cps-centered  around  the  carrier.  The  two  fine  line  bandpass  filters 
are  identical  symmetric  two  pole  filters  with  180^  of  phase  shift  across  the 
pass  band.  It  is  shown  in  appendix  B  that  the  band  pass  characteristic  of  a 
symmetric  filter  acts  as  a  low  pass  filter  on  the  modulation  of  a  narrow 
band  FM  signal.  Therefore,  the  band  pass  filters  preceding  the  discriminator 
can  be  replaced  by  equivalent  low  pass  filters  following  the  discriminator. 

The  transfer  function  of  each  filter  is  given  by  the  expression: 

Y  (jo,)  = - i - j  (67) 

(1  + 

Since  the  pass  band  is  here  defined  as  that  bandwidth  over  which  the  phase 
shift  is  180^,  there  will  be  90^  of  phase  shift  across  the  pass  band  of  the 
equivalent  low  pass  filter.  The  value  of  the  time  constant,  T^,  is  determined 
by  setting  the  phase  shift  characteristic  equal  to  tr/2  at  a  frequency  <0^,  the 
bandwidth  of  the  low  pass  filter: 

-ir/2  =  -  2  tan"^  wg  Tj  (68) 

solving  (68)  for  the  time  constant, 

Tj  =  l/«g  {68a) 

For  narrow  band  operation,  (16  cps)  T^  is  (2ir  ( ;6))*^  and  for  wide  band 
operation  (50  cps)  T^  is  (2ir  (50))’^.  The  discriminator  is  assumed  to 
operate  ideally  with  transfer  function,  of  x  10*  /2ir  volts  per  radian 

per  second.  The  first  integrator  has  a  transfer  function 

Y,  (j«)  =  -  K  /j«  (69) 

where  is  lOO/sec  for  narrow  band  operation  and  200/aec  for  wide  band 

operation.  The  second  integrator  has  a  transfer  function 
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FIG.  28b  REVISED  BUDCK  DIAGRAM 


(70) 


Yj  (jw)  =  -K,  /jo) 


for  which  Kt  is  l/sec  for  narrow  band  operation  and  S/eec  for  wide  band 
operation.  The  VCO  can  be  represented  as  an  ideal  VCO  and  a  source  of 

4 

white  noise.  The  transfer  function  of  the  VCO»  Ky»  is  a  constant  2ir  x  10 

radians  per  second  per  volt.  radians  per  second  ((rad/8ec)^/rad/sec)  is 

the  input  power  spectral  density  .  * 

To  determine  the  frequency  error  introduced  by  the  noise  in  the 

VCO,  the  transfer  function  from  the  VCO  to  the  normal  loop  output  must  be 

derived.  The  input  signal  at  the  VCO  consists  of  the  input  signal  from  the 

noise  source,  e  and  the  feedback  component  of  the  loop,  e.  : 

N  ^ 


The  feedback  component  is  determined  by  tracing  through  the  loop.  At  the 
mixer  output  (assuming  a  constant  frequency  input,  e^  ,  at  the  normal  loop 
input)  the  signal  is 


e  =  e- 
u  1 


(72) 


This  signal,  e  ,  is  then  modified  by  the  other  components  of  the  loop  to  obtain 


e.  =  e  K_, 
L  (0  D 


■f  Yf  ^1  • 
*1  *2  M  ^2 


(73) 


The  output  signal  fed  to  the  cowmter  is  the  input  signal  modified  by  the  VCO 
transfer  function. 


®o  *  ®IN 

■  ^®N  ®lll  ~  C-®N  ^®f  '  ®o^  ^fj  ^f2  ^12"^ 

=  Ky  r  e^  Y(j«)  -  e^  Y.  (co)  (74) 
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*  S^ince  the  laop  tracks  frequency  rather  than  voltage,  loop  noise  density  is  in  ter 

of  (frequency)^  per  unit  bandwidth  rather  than  (volts)^  per  unit  bandwidth;  i.  e. ,  (r 


terms 


(frequency)"  per 
(rad/sec)  .»  rad/sec. 


rad/sec)/ 


-52. 


Simplifying  (7<^  gives: 


*0* 


ej^  Y(j«) 


(75) 


1  +  Y  (j«)  1  +  Y  (ju>) 

Since  the  error  due  to  noise  is  of  prime  concern  only  the  transfer  function  for 
the  noise  component  will  be  considered.  The  transfer  function  of  the  loop  for  the 
noise  component  is: 


K, 


Hj,  (j«)  = 


(76) 


I  +  Y  (j«) 

where  Y  (ju)  is  the  combined  transfer  function  of  the  various  components  or 
symbolically 

Y(j«)=K  K  Yf  Yf  Y  Y 


=  Kj  Kj  (1  +  j«T^)^ 

1  2 

=  K/-«^  (1  +  jwTj)^ 


(77) 


Substitution  of  equation  (77)  into  equation  (76)  reduces  the  loop  transfer 


function  for  noise  error  to  the  expression: 

K  (1  +  jwT  )^ 

K  -  «  (1  +  j«Tj)^ 


(73) 


The  output  spectral  density  is  the  product  of  the  input  spectral 
density 7^  and  the  absolute  value  squared  of  the  system  transfer  function 


Hj^(j«): 


to  ■  t  K  '*'>1 


(79) 


A  counter  at  the  VCO  output  measures  the  frequency  in  time 
intervals  T,  of  0.  1  second.  The  counter  output  is  actually  the  mean  value  of 
the  instantaneous  frequencies  fed  into  it  during  the  counting  interval.  Hence, 
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the  counter  hae  a  weighting  function  (or  impulse  response  in  the  time  domain  of 


f  (i)  = 


0  6t6T 


f 

C.0  t>T 

The  transfer  function  corresponding  to  (£0)  is 


(80) 


(>»)  =  e 


.  wt 

■■’“2“  .  coT 

8in-2- 

«T 

T 


(31) 


and  the  power  transfer  function  is 


H.  (j«) 

^  “7“ 

c 

- JTT - 

*  ~2~ 

(82) 


Since  white  noise  is  the  input  to  the  VCO  all  values  of  frequency  may  exist 
at  the  counter  input.  Thu8»  the  total  mean  square  frequency  error  will  be 
the  sum  of  the  Contributions  from  each  frequency.  This  is  expressed  in 
mathematical  form  by  the  equation: 


or 


= f  jT“c  0 


2 

(jw)  du 


■00  .  „T 

sin- 


13T 


J  (1  +  ju)T^)^ 


K  -  (1  +jwTj)^ 


do). 


{S3} 


Because  of  the  difficulty  in  evaluating  the  above  integral,  the 
app  r  oximat  ion 

2 


(j«) 


1 


1  +  jwT/2 


(84) 


will  be  used.  The  validity  of  this  approximation  is  discussed  in  Appendix  C. 

With  this  approximation  the  mean  square  error  may  be  determined  by  a  method 

18 

outlined  in  the  "Theory  of  Servomechanisms.  This  technique  is  for  the 
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evaluation  of  integrals  of  the  form 

^oo 

.1  I 


K 

-oo  n  n 


where  S^(x)  ^he  polynomial 


g  (x)  =  b  ^  +  b,  x^”  +  --  -  +  b  1  (36) 

®n  o  1  r.  -  i 

hn  (x)  is  the  polynomial 

h  (x)=a  x*^  +  a,  x^  ^+---  +  a,  (87) 

n  '  o  1  n 

Substituting  equation  (h^i)  into  (  43  )  and  making  the  substitutions  caT ^  =  x, 

2 

a  =  T/ZT y  and  K  =  D  reduces  the  expression  for  the  mean  square  error 


€  2  -7]  [  x'*  Ll  +  x^J  dx  _ 

^  ^ U  2  4 


^  ^  (1  +  jax)(D-x^(l+jx)^)(D-x^(l-jx)^(l-jax)  (f- 

which  can  easily  be  expanded  to  the  form  of  equation  (Si) 

Evaluating  (Si)  according  to  the  method  in  '’Theory  of  Servomechanisms”, 
the  mean  square  error  in  general  form  is 

2  ^  r52  6  5  4  32 

=  ^  y -  16a  D  +  D(384a  +  1216a  +  1268a  +  226a  +  76a  +  144a  -  64) 

+  16a®  -  72a^  +  188a^  +  608a^  960a  -  512  J  / 

[^a®  (532a^  +  396a  +  222)  +  D  (-448a^  +  176a®  + 

1268a^  -  580a®  -  130a^  -  24a)  -  384a^  -  1935a®+  278a^ 

+  2256a  -  320^  . 

For  the  narrow  band  mode,  *1*^5  i  and  D  2.5,  the  mean  square  error  is 
IT  75  K  ^ 

€.  ^  s - L_X_  X  10  =  4ir®  ^  10^  X  10  (rad/sec)^  (90) 

T 


=  ^^2  10*^  X  10  (cps)^. 


For  the  wide  band  mode,  a  =  5ir,  and  D  ^  1.  5,  the  mean  square  error  is 
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^  ^  ^  9  2 

^  ^  24)  10^  (rad/sec)  (91) 

=  IT  ^  10^  X  (L  24)  (cps)^ 

a  comparison  of  (00)  and  (  91)  show  that  the  noise  error  is  larger  in  the 
narrow  band  mode,  in  agreement  with  experiment. 

Typical  values  of  rms  frequency  error,  as  reported  by  RCA, 
are  2.  88  cps  for  the  wide  band  mode  and  5.  04  cps  for  the  narrow  band  mode. 
These  values  are  from  data  taken  with  the  loop  tracking  on  the  central  spectral 
line  for  an  internally  generated  signal.  The  ratio  of  narrow  band  mean  square 
error  to  wide  band  mean  square  error  is  3.  04  for  the  above  experimental 
values  and  8.  06  for  the  theoretical  values.  The  discrepancy  in  the  theoretical 
and  experimental  ratios  may  be  due  to  additional  sources  of  noise  in  the 
actual  equipment. 


ARMOUR  RESEARCH  FOUNDATION  OF  ILLINOIS  INSTITUTE  OF  TECHNOLOGY 


-56- 


ni.  CONCLUSIONS 


During  the  past  quarterly  period  a  review  of  tunnel  diode  amplifier 
theory  has  been  conducted.  The  available  analyses  have  been  considered  in 
view  of  the  practical  limitations  imposed  by  the  respective  restrictive 
assumptions  placed  on  them.  Experimental  work  has  been  conducted  on 
C-band  amplifiers.  This  work  indicates  that  serious  consideration  must  be 
given  to  the  biasing  circuit  design  so  as  to  avoid  possible  transient 
effects  which  might  cause  diode  burn  out. 

A  theoretical  analysis  of  the  response  of  a  Doppler  tracking  loop 
to  VCO  frequency  errors  has  been  performed.  It  is  shown  that  the  maximum 
error  results  in  the  narrowband  mode,  in  agreement  with  experimental 
results.  However,  the  increase  in  noise  in  the  wideband  mode  is  less  in 
the  experimental  data  than  theory  would  predict,  indicating  the  presence  of 
additional  noise  sources  other  than  VCO  noise. 

Respectfully  submitted, 

Q.  £>.  _ 

R.  D.  Standley,  Researcn  Engineer 


APPROVED: 


J.  T.  Ludwig,  Acting  Manager 
Microwaves,  Antennas  and  Propagation 


J.  E.  McManus,  Assistant  Director 
Electronics  Research 
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IV.  PROGRAM  FOR  NEXT  INTERVAL 


The  following  areas  will  be  investigated  during  the  next  quarterly 

period: 

1)  The  synthesis  problem  will  be  further  considered. 

Z)  The  modified  dc  biasing  circuit  will  be  analysed. 

3)  Experimental  C-band  amplifier  work  will  be  continued. 

4)  A  near  optimum  tunnel  diode  video  detector  will  be  designed. 
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IDENTIFICATION  OF  PERSONNEL 


The  following  personnel  have  contributed  to  work  herein  reported 

during  the  past  quarterly: 

J.  Ludwig,  Manager, 

Research  Engineer  112  hours 

S.  Kazel,  Research  Engineer  232  hours 

R.  Standley,  Research  Engineer  228  hours 

P.  Toulios,  Assistant  Engineer  456  hours 

J.  Feldman,  Assistant  Engineer  274  hours 

The  biography  of  each  of  the  above  individuals  appears  in  the  following  pages. 
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TITLE; 


LUDWIG,  JOHN  T. 

Research  Engineer;  Acting  Manager 
Microwaves  and  Magnetics 


PRINCIPAL  FIELDS: 

EXPERIENCE:  Before  coming  to  Armour  Research  Foundation, 

Dr,  Ludwig,  has  had  fourteen  years  of  pro¬ 
fessional  experience  including  theoretical  and 
experimental  microwave  and  UHF  studies, 
magnetic  device  studies,  acoustic  studies, 
exotic  gyroscope  developments. 

He  has  made  studies  of  UHF  scatter-diffraction 
propagation  over  rough  terrain  and  UHF  high 
power  generation.  Other  areas  of  effort  have 
included  information  and  communication  theory, 
electronic  instrumentation  of  physical  measure¬ 
ments  and  wide -band  magnetic  tape  recording. 

TECHNICAL  PAPERS:  'Multiple  Operation  of  Reflex  Klystrons  in  an 

Annular  Cavity,'  April  1952,  Master  of  Science 
Thesis,  University  of  Minnesota 

"Research  and  Development  on  Design  Method 
for  Reactors",  Six'Ouarterly  Reportflf'dated 
December  15,  1952  through  March  15,  1954, 
and  "Final  Report",  September  1954.  Univer¬ 
sity  of  Minnesota,  Contract  No.  DA  36-039 
SC-42573,  Report  ASTIA  numbers  AD-3817, 

-9558,  -20383,  -22613,  -32983,  -31759.  and 
-64525,  Final. 

*'A  Study  in  the  Design  of  Magnetic  Circuits 
Employing  Soft  Magnetic  Materials  and  Super¬ 
posed  A-C  and  D-C  Magnetisation','  June  1954, 
Doctor  of  Philosophy  Thesis,  University  of 
Minnesota. 

"A  New  Method  for  Inductor  Design",  Proceedings 
of  Electronic  Components  Conference,  pp.  18-21 
May  1955,  Los  Angeles. 

"Design  of  Optimum  Inductors  Using  Magnetically 
Hard  Ferrites  in  Combination  with  Magnetically 
Soft  Materials".  Journal  of  Applied  Physics, 

Vol.  29,  pp  497-499,  March  1958,  Presented 
at  1957  Conference  on  Magnetism  and  Magnetic 
Materials. 
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LUDWIG,  JOHN,  T.  (Con.d) 


EDUCATION: 


AFFILIATIONS: 


"Designing  Optimum  Inductors  with  Ferrite - 
Biased  Gaps",  Electrical  Manufacturing, 

Vol.  63.  No.  1,  pp.  78-90,  ?.04,  206,  Jan.  1959 

"Inductors  Biased  with  Permanent  Magnets: 

Part  n--Theory  and  Analysis",  60-198,  Trans¬ 
actions  AIEE,  Part  I. ,  Vol.  79,  pp.  273-278, 
1960,  Also  Communications  and  Electronics, 

No.  49,  July  1960. 

"Inductors  Biased  with  Permanent  Magnets: 

Part  II- -Design  and  Synthesis",  60-199,  Trans¬ 
actions  AIEE,  Part  I,  Vol.  79,  pp.  278-291, 
1960,  also  Communications  and  Electronics, 

No.  49,  July  1960,  This  paper  was  awarded 
the  1959-60  AIEE  Great  Lakes  District 
Second  Prise. 

"A  Method  for  the  Design  of  Holding  Electro¬ 
magnets",  60-197,  Transactions  AIEE,  Part  I, 
Vol.  79,  pp.  300-310,  1960,  Also,  Communi¬ 
cations  and  Electronics,  No.  49,  July  I960. 

"Inductors  Biased  with  Permanent  Magnets", 
(Digest)  Electrical  Engineering,  Vol.  80, 
p.  408,  Junsl961. 

"A  Method  for  the  Design  of  Holding  Electro¬ 
magnets",  (Digest)  Electrical  Engineering, 

Vol.  80,  p.  503,  July  1961. 

B.  E.  E.  with  Distinction, 

University  6f  Minnesota,  1948 

M.S.  InE.E.  University  of  Minnesota,  1952 

Ph.  D.  University  of  Minnesota,  1954. 

Numerous  other  courses  including. 
Magnetohydrodynamics  Honorary  Fellowship, 
University  of  Minnesota  1959 

Member,  American  Association  for  the 
Advancement  of  Science 

Member,  Eta  Kappa  Nu 

Senior  Member,  lEEE(AIEE-IRE),  1962  Patron 
Award,  Florida  West  Coast  Section  (IRE) 
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LUDWIG.  JOHN  T. 


ProfMaional  Engineer  Member,  National 
Society  of  Profeeeional  Engineere  (Several 
local  and  etate  offices  and  national  committees) 

Listidg,  National  Engineers  Register, 

Finder's  List 

Listing,  Leaders  in  American  Science 

Registered  Professional  Engineer,  Illinois 
Minnesota  and  Florida 
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TITLE: 

PRINCIPAL  FIELD: 
EXPERIENCE: 


TECHNICAL  PAPERS: 


KAZEL,  SIDNEY 
Research  Engineer 
Communications  and  Radar 

Mr.  Kazel  has  worked  for  eight  years  in  the  field 
of  radar  and  communication  theory,  in  the  following 
assignments: 

(1)  Participated  in  the  development  of  a  CW -Doppler 
radar  for  vector  miss -distance  indication. 

(2)  Analysis  of  technique's  for  bandwidth  reduction 
of  television  signals. 

(3)  Analysis  of  the  reduction  in  channel  capacity 
of  a  fading  communication  link  in  the  presence 
of  a  fading  jamming  signal. 

(4)  Member,  Advisory  Committee  on  Radio 
Countermeasures,  Project  Monmouth  II. 

(5)  Development  of  a  radio  technique  for  unam¬ 
biguous  determination  of  missile  roll  orientation. 

(6)  Determination  optimum  parameters  of  pulse 
modulation  methods  under  conditions  of  limited 
duty  cycle,  for  use  in  radar  command. 

(7)  System  design  of  a  highly  secure  conunand 
receiver  for  radar  command  of  missiles. 

(8)  Analysis  and  optimization  of  the  factors  affecting 
the  performance  of  radar-beacon  tracking  systems. 

(9)  Determination  of  optimum  search  radar  techni¬ 
ques  for  early  detection  of  ballistic  missiles. 

(10)  Application  of  the  theory  of  optimum  linear 
prediction  and  filtering  to  determine  the  theoreti¬ 
cal  improvement  in  radar  tracking  accuracy 
result  from  coherent  operation. 

(11)  Determination  of  a  method  for  accurate  angular 
location  of  deep  space  probes,  using  Doppler  measure¬ 
ments  only. 

(12)  Analysis  of  the  spreading  of  the  spectrum  of  the 
Doppler  signal  in  two-way  Doppler  systems,  due  to 
inherent  oscillator  instabilities. 

(13)  Analysis  of  optimum  parameters  and  performance 
characteristics  of  a  coherent  radar-beacon. 

(14)  Development  of  a  beacon  antenna  system  with 
automatically  controlled  directivity. 

(1)  "A  Study  of  Video  Bandwidth  Compression 
Techniques",  co-authored  with  J. £.  Kietzer, 

H.M.  Sachs,  and  H.  Zucker,  Proceedings  of  the 
Magnetic  Recording  Technical  Meeting,  Armour 
Research  Foundation,  Chicago,  Illinois,  Oct.  4-5,  1956. 
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KAZEL.  SIDNEY  (Con'd) 


EDUCATION: 

AFFILIATIONS: 


ARMOUR  RiSIARCH 


(2)  "Comparison  of  PPM  and  PCM  for  Radar 
Command",  Proceedings  of  the  National  Sympo¬ 
sium  on  Telemetry,  Miami  Beachi  Fla. 

Sept.  22-24,  1958. 

(3)  "Optimum  Parameters  of  Pulse  Modulation 
Syetems",  Section  Meeting  of  the  Professidnal 
Group  on  Telemetry  and  Re  mote  Control, 

Chicago,  Illinois,  Oct.  1959. 

(4)  "Improvement  in  Tracking  Accuracy  of  Pulse 
Radar  by  Coherent  Techniques",  co-authored 
with  J.  N.  Faraone,  IRE  Transactione  on 
Military  Electronids,  Oct.  1961. 

(5)  "Spectrum  Broadening  Due  to  Frequency 
Instability  in  a  Two-Way  Coherent  Doppler 
System",  (Accepted  for  publication  in  the 
Proceedings  of  the  IRE). 

B.A.  in  Liberal  Arts,  University  of  Chicago,  1950 
B.S.  inE.E. ,  Illinois  Institute  of  Technology,  1953 
M.  S.  inE.E.,  Stanford  University,  1954 

Institute  of  Radio  Engineers 
Tau  Beta  Pi  (Engineering) 

Eta  Kappa  Nu  (Electrical  Engineering) 
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STANDLEY,  ROBERT  D. 


TITLE:  Research  Engineer 

PRINCIPAL  FIELD:  Microwave  Components 

EXPERIENCE:  Mr,  Standley  has  had  five  years  experience 


in  the  area  of  microwave  component  theory  and 
design.  During  his  three  years  in  the  Microwave 
and  Electromechanical  Branch  at  the  U.S.  Army 
Research  and  Development  Laboratory,  Ft,  Mon- 
mounth,  N.  J. ,  he  was  Project  Engineer  for  pro¬ 
grams  involving  research  and  development  of 
microwave  filters,  polarisation  converters,  and 
directional  couplers.  His  experience  in  micro- 
wave  filter  design  includes  the  development  of 
numerous  band  pass  filters  in  the  frequency 
range  1  kmc  to  24  kmc  which  required  coax, 
strip  line,  and  rectangular  waveguide.  He  has 
also  developed  C-  and  K-band  wide  stop  band 
filters,  L,  S,  and  S -band  directional  filters, 
and  S-  and  X-band,  band  rejection  filters.  He 
has  pursued  research  in  the  area  of  electronic 
tuning  by  means  of  varactor  diodes. 

Since  joinr.^;  Armour  Research  Foundation, 

Mr.  Standley  has  worked  on  parametric  ampli¬ 
fiers  (both  regenerative  and  super -regenerative), 
tunnel  diode  amplifiers,  ferrite  circulators, 
electronically  tunable  filters,  broadband  hybrids 
(X  and  Ku  bands),  and  diplexer  networks. 

TECHNICAL  PAPER:  '*A  C-Band  Super -Regenerative  Detector  for 

Radar  Beacon  Applications",  Proceedings  of 
NEC,  Vol.  17,  pp.  490-499,  October  1961. 

EDUCATION:  B.S  in  E.E.  ,  1957,  University  of  Illinois 

M.S.  in  E.E. ,  1960,  Rutgers  University 
Currently  pursuing  Ph.  D  Program  at  I,  I.  T. 

AFFILIATIONS:  Member  of  lEEE(IRE),  Chairman  Chicago 

Section  of  PGMTT,  1961-1962 
Sigma  Tau 
Sigma  Xi 
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TITLE: 


PRINCIPAL  FIELD: 
EXPERIENbE: 


EDUCATION: 


AFFILIATIONS: 


TOULIOS,  PETER  P. 

Astistftnt  Engineer 

Microwavee»  Antennas  and  Propagation 

Mr.  Toulios  has  had  two  years  of  experience 
in  the  area  of  microwave  theory  and  design. 

His  experience  in  microwaves  includes  re¬ 
search  and  development  of  electronically 
tunable  S-band  band-pass  filters  using  yttrium 
iron  garnet  crystals.  He  has  also  been  involved 
on  a  program  dealing  with  the  determination 
of  the  state-of-the-art  of  VLF  and  HF  antenna 
techniques  and  the  development  of  VLF  antennas. 

Since  joining  Armour  Research  Foundation» 

Mr.  Toulios  has  been  concerned  with  the 
applicability  of  parametric  and  tunnel  diode 
amplifiers  to  radar  beacon  receiver  design. 

He  has  recently  worked  on  the  design  and 
development  of  S,  C*  and  X-’band  tunnel  diode 
amplifiers,  oscillators,  and  power  limiters. 

B.S.  in  E.E.  ,  1960,  University  of  Illinois 
M.S.  in  E.E. ,  1961,  University  of  Illinois 
Currently  pursuing  work  .leading  to  a 
Ph.  D  at  Illinois  Institute  of  Technology 

Member  of  lEEE(IRE)  and  PGMTT,  PGCT 
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TITLE: 


FELDMAN.  JUDITH  R. 

Aseistant  Engineer 

PRINCIPAL  FIELD:  Conununicetione  end  Rader 

EXPERIENCE:  Mia  a  Feldman  joined  the  Foundation  in 

June  1959.  and  haa  participated  in  varloua 
programa  concerning  communication  ayatema 
and  radar.  Thia  includea  a  atudy  of  general 
noiae  theory  and  application  of  the  theory  to  the 
aolution  of  detection  problema  for  amplitude 
and  pulae  modulation;  the  uae  of  carrier  tonea 
to  tranamit  digital  data  including  an  investiga¬ 
tion  of  optimum  filtering  techniquea.  and  the 
effecta  of  Gauaaian  noiae.  impulae  noiae.  and 
tranamiaaion  line  characteriatica  oh  the 
received  aignala.  Mia  a  Feldman  haa  alao 
worked  on  tranaiator  circuit  development  for 
a  wideband  apectrum  analyaia  device  and  on 
the  factora  affecting  high  altitude  radio  inter¬ 
ference  inatrumentation.  At  preaent.  ahe  i* 
concerned  with  the  uae  of  radar  to  obaerve 
and  meaaure  meteorologickl  phenomena  ahd 
witl>  a  fpimdhtion  aponaored  program  on  detec¬ 
tion  theory.  Aa  an  undergraduate.  Miaa 
Feldman  worked  aa  an  engineering  aaaiatant 
and  technician  in  the  manufacture  of  reaiative 
and  aemiconductor  componenta. 
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DERIVATION  OF  THE  CURRENT  SENSITIVITY  PARAMETER  (3 
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APPENDIX  A 

DERIVATION  OF  THE  CURRENT  SENSITIVITY  PARAMETER 

The  current  eenaitivity  parameter  may  be  defined  ae 


■hort  circuited  rectified  current 
available  rf  power 


dc 


P  available 


To  find  I  the  voltage  across  R,  must  be  known  in  terms  of 
analysis  of  the  circuit  shown  in  Figure  A  shows  that 


2 

- 


|^(R^  +  R^  -  R)  +  RLc]  ^  |l  -  CR(R^  +  R^ 


If  it  is  assumed  that  the  diode  is  square -law  then 


K  V„  ^  4  K  R„  R^ 

_ S - - S _ 


V„V*R„  +  R.  -  R)  +  RLCI  ^  [L  -  CR  (R.  +  Rjl 

S8|^e*  J  *“  ■© 


Now  ^—^00  as  the  denominator  approaches  zero.  This  happens  when 

Rx— i - 

C  (R.  +  Rg) 


„  .JUJIiIIL 

ylZ\  R 


- 1 
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But  theie  two  conditions  are  those  necessary  for  steady  state  oscillation 
at  Thus  maximum  sensitivity  implies  that  the  circuit  is  adjusted  to 

near  oscillationi  i.  e.  an  optimum  mount  design  exists. 


•71 


FIGURE  A:  TUNNEL  DIODE  DETECTOR  CIRCUIT 
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APPENDIX  B 


TO  SHOW  THAT  THE  BANDPASS  CHARACTERISTIC  OF  A  SYMMETRIC  FILTER 
ACTS  AS  A  LOW  PASS  FILTER  ON  THE  MODULATION  OF  A  NARROW  BAND 

FM  SIGNAL 
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APPENDIX  B 


TO  SHOW  TliAT  THE  BANDPASS  CHARACTERISTIC  OF  A  SYMMETRIC  FILTER 
ACTS  AS  A  1.0W  PASS  FILTER  ON  THE  MODULATION  OF  A  NARROW  BAND 

FM  SIGNAL 

Under  normal  tracking  conditions,  the  VCO  frequency  will  track  the 
loop  input  frequency  closely,  resulting  in  a  lowdeviatkn  narrow  band  signal 
into  the  band  pass  filter.  A  narrow  band  fm  signal  has  only  two  significant 
sidebands  and  hence  can  be  expressed  as 

F(t)  a  a^  cos  w^t  +  a^  cos  («^t  +  ft  +  ir/Z)  +  a^  cos  (w^t  -  jfv /Z)  (B-1) 

with  vectoral  representation  as  in  figure 


FIG.  B-1  FIG.  B-2 

The  band  paaa  filter  will  reduce  the  magnitude  of  the  sidebands  relative  to  the 
carrier,  andihift  their  phase  as  pictured  in  figure  B-2.  Or  mathematically, 
the  output  of  the  bandpass  filter  for  the  input  of  a  narrow  band  fm  signal  is 

^l(*)  “  ao  •  1  ®  ^2)  +  a  1  cos  («^t  -  0  -  0  +  it/Z).  (B-2) 

Hissing  F|^(  .)  through  a  discriminator  results  in  a  signal  of  the  form 

^2  “  ®^1  (®  +  jO  (B-3) 

This  is  equivalent  to  passing  the  narrow  band  fm  signal  through  the  discriminator 

and  thep  through  a  low  pass  filter  with  some  characteristic  as  the  bandpass  filter 

centered  at  zero  frequency.  Thus,  the  bauidpass  characteristic  of  a  symmetric 

filter  acts  aa  a  low  pass  filter  on  the  modulation  component  of  a  narrow-band 
FM  signal. 
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APPENDIX  C 


LOW  PASS  FILTER  APPROXIMATION  TO  THE  COUNTER  CHARACTERISTIC 
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LOW  PASS  FILTER  APPROXIMATION  TO  THE  COUNTER  CHARACTERISTIC 


The  counter  transfer  function  is  given  by 
sinwT  '  ^ 

(j;  ) 


wT 


(  82) 


A  low  pass  filter  with  transfer  function 


Hl  (j«) 


(C-1) 


1  + 

will  have  equal  area  over-all  frequencies  if =  T/2.  This  is  shown  by  computing 


the  area  under  both  curves.  Thus, 

dw  =  ir/l 


2  -r 

sin  uT 


A  = 
c 


(C-2) 


(jT 


and 


'O 


1  + 


dw  =  iT/2't 


(C-3) 


Equating  A^  to  Aj^  gives  ^  =  T/2.  A  plot  of  both  functions  for  comparison  is 

shown  in  figure  C- 1  . 
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FIG.  C-1  RELATIVE  MAGNITUDE  OF  FILTER  TRANSFER  FUNCTION  AS  A  FUNCTION  OF  THE  RELATIVE 
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